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The manufacture of optical coatings, computer disks, as well as 
advanced electronic multilayered devices and circuit structures requires 
high precision in the measurement and control of thicknesses and 
interfacial and surface roughnesses. Variable angle spectroscopic 
ellipsometry (VASE) is non-destructive and monolayer sensitive. VASE 
uses polarized light, and the technique can be applied in nearly any 
ambient, including air, vacuum, or corrosive environment. Applications 
to coated window glass, space protective coatings, semiconductor device, 
as well as sputtered media computer disk manufacturing are discussed. 
At the present time these NDE measurements are mainly ex situ, but in 
situ (during deposition) applications are being rapidly developed. 
ELLIPSOMETRIC TECHNIQUE 
Rapid advances in small computer technology have made ellipsometric 
data acquisition rapid and accurate. Equally important, fast PCs make 
possible quick and convenient analysis of data from complex materials 
structures. New uses of ellipsometry are continuing to be found, 
however it traditionally has been used to measure film thickness and 
optical constants [1,2]. 
In ellipsometry a collimated linearly polarized light beam is 
directed at the material under study, and the polarization state of the 
reflected light is determined [1]. To maximize sensitivity, the angle 
that the light makes to the sample normal (the angle of incidence) as 
well as the wavelength are controlled [3-7]. The geometry is shown in 
Figure 1. 
The measured quantities are expressed in terms of a complex number 
having magnitude tan wand phase D : 
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Fig. 1. Geometry of the ellipsometric experiment showing sample surface 
and light beam at angle of incidence 9 0 . 
o = tan 1jJ exp j /', 
The instrument measures both a 1jJ 7 and a/', 7 for the ith angle of 
incidence and wavelength combination. (Some users prefer to express 
their results as tan 1jJ ~ and cos /', ~. "m" refers to measured.) 
(1) 
An analytical relationship to convert the measured 1jJ ~ and /',7 values 
into the desired optical constants, film thicknesses, or constituent 
materials fraction does not exist. Thus a regression analysis is 
performed in which 1jJ ~ and /', ~ are calculated from an assumed model for 
the structure using the Fresnel equations for reflection of polarized 
light from planar media [1,2]. 
The unknown parameters of the model, such as film thicknesses, 
optical constants, or constituent material fractions, are varied until a 
best fit between measured 1jJ7 and /',~ and calculated1jJ ~ and/', ~ is found. 
The mean squared error (MSE) is used as a measure of the goodness of the 
fit: 
MSE (2) 
where N is the number of wavelength and angle of incidence combinations 
used. 
Ellipsometry is a very powerful technique. Since low intensity 
light is used, it is totally non-destructive. Unlike ESeA and AUGER, no 
vacuum chamber is necessary in ellipsometry. Measurements can be made 
in vacuum, air, or even acids. The ability to study surfaces at the 
interface with liquids is a distinct advantage for many disciplines, 
including surface chemistry and corrosion engineering. 
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Ellipsometry is sensitive to monolayers of material. For example, 
oxidation of films exposed to low earth orbit atomic oxygen can be 
monitored with a sensitivity of Angstroms. The best thickness ranges 
for ellipsometric study of thin films is between about 10 Angstroms and 
1 micron. Although the spectra become complicated, films thicker than 
even 1 micron can be studied. Flat planar materials are optimum, but 
surface and interfacial roughness can be quantitatively determined if 
the roughness scale is smaller than one-tenth the wavelength of light. 
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Fig. 2. Difference between maximum and mlnlmum in the ellipsometric 
delta parameter scanned over a computer disk (measured at 5000 
1 and an angle of incidence of 75 degrees). 
In some applications the measurement of lateral homogeneity of a 
sample over large areas is desired, and ellipsometers with stepper 
driven sample positioners have been built for this purpose. Figure 2 
shows the difference between the maximum and minimum of m parameter 
measured at 5000 1 and an angle of incidence of 75 degrees for a 
computer disk structure. Data were taken at each crossing of the lines 
shown, and the figure thus shows (on an enhanced scale) the homogeneity 
over the surface of this particular disk. Data in IjJ and /':, can be 
converted to information about film thickness- and roughness-
homogeneity. 
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Depth resolution depends on the (spectrally dependent) optical 
absorption coefficient of the material. Near surface analysis (on a 
scale of a few Angstroms) can frequently be performed using short 
wavelength light where absorption is strongest, and long wavelength 
radiation probes deeply into many materials, and obviously transmits 
through others. (Ellipsometry can be performed in transmission for 
highly transparent materials.) 
ROTATING ANALYZER ELLIPSOMETERS 
Figure 3 shows the schematic of a rotating analyzer system, 
consisting of a light source, monochromator, collimating optics, 
polarizer, sample mount, rotating polarizer (called the analyzer), and a 
detector. The intensity of the light measured at the detector oscil-
lates sinusoidally according to the relation 
I - 1 + II cos 2A + fJ sin 2A (3) 
where II and fJ are the "Fourier Coefficients," and A is the azimuthal 
angle between the polarizer "fast axis" and the plane of incidence. 
There is a direct relationship between the Fourier coefficients and the 
\jJ and 6. ellipsometric parameters. By recording the intensity vs. A in 
a computer, the II and fJ, and thus \jJ and 6. , can be determined. By 
changing the angle of incidence and wavelength, the user can determine N 
sets of \jJ 1 and 6. 1 values for the regression analysis used to derive the 
unknown physical properties of the sample. 
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Fig. 3. Schematic of a rotating analyzer ellipsometer. 
The polarizer and analyzer azimuthal angles relative to the plane 
of incidence must be calibrated, and a procedure for doing this is found 
in the literature [9]. 
APPLICATIONS 
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Typical examples of ellipsometry in manufacturing might be: 
(a) determination of thicknesses in Ti02/Ag/Ti02 optical window 
coatings [10], or 
(b) determination of x and y in SiO~y used in semiconductor 
integrated circuit manufacturing [11], or 
(c) determ-ination of smoothing of sputtered computer disk material 
resulting from deposition of an amorphous carbon layer [12]. 
180 
CIl 135 
v 
v 
.... 
Ol 
V 
o 
c 
o 
~ 
v 
90 
o 45 
400A Ti02/ 150A Ag /400A Ti02 /Glass 
O+------r----~--~~~=---~----_. 
3000 4000 5000 6000 7000 8000 
Wavelength. Angstroms 
Fig. 4. The delta spectra predicted for Ti02/Ag/Ti02/glass. 
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An example of the 6 spectra predicted from TiOz/Ag/TiOz/glass is 
shown in Figure 4. Ellipsometry was used on these materials to deter-
mine the thicknesses of all three layers plus the optical constants of 
the silver layer. 
In case (b) mentioned above the ratio of SiOz mixed with Si3N4 was 
accurately determined by ellipsometry. 
In case (c) the optical constants of the magnetic media, the 
roughness of that media, and the thickness and roughness of a carbon 
overlayer were determined. 
A survey of materials systems studied by the authors include: 
A. Dielectrics and optical coatings: Si3N4, SiOz , SiOXNy , Alz03' 
a-C:H, ZnO, TiOz , ZnO/Ag/ZnO, TiOz/Ag/TiOz , AgO, In(Sn)z03' and 
organic dyes. 
B. Semiconductors and heterostructures: Si, GaAs, AlyGa1_xAs, 
InxGa1_xAs, Ion Implanted compound heterostructures, super-
lattices, heterostructures exhibiting Franz-Keldysh oscilla-
tions. 
C. Surface modifications and surface roughness: Cu, Mo, and Be 
laser mirrors; atomic oxygen modified (corroded) surfaces and 
films. 
D. Magneto-optic and magnetic disc materials: DyCo, TbFeCo, 
Garnets, sputtered magnetic media (CoNiCr alloys). 
E. In situ measurements into vacuum systems: In these experiments 
the light beams enter and leave via optical ports, and ~ and6 
are monitored in time. We've studied optical constants at high 
temperatures, surface oxide formation and sublimation, surface 
roughness, crystal growth, and film deposition. Considerable 
in situ work has been done by other groups as well, as reviewed 
by Collins et al. [13]. 
CONCLUSIONS 
Ellipsometry is a powerful technique for surface, thin film, and 
interface analysis, and has monolayer resolution. It can be performed 
in any atmosphere including high vacuum, air, and aqueous environments. 
It is totally non-destructive and rapid. Its principal uses are to 
determine thicknesses of thin films, optical constants of bulk and thin 
film materials, constituent fractions (including void fraction) in 
deposited or grown materials, and surface and interfacial roughness. 
Surface mapping for homogeneity profiling can be made, as well. 
ACKNOWLEDGEMENT 
Supported by NASA Grants NAG-3-lS4 and NAG-3-9S. 
2190 
REFERENCES 
1. R.M.A. Azzam, and N.M. Bashara, Ellipsometry and Polarized Light, 
North Holland Press, Amsterdam and New York, 1977. 
2. D.E. Aspnes, in Handbook of Optical Constants of Solids, Ed. E. 
Palik, Academic Press, Orlando, FL, 1985. 
3. P.G. Snyder, M.C. Rost, G.H. Bu-Abbud, J.A. Woollam, and S.A. 
Alterovitz, J. of Appl. Phys., 60, 3293 (1986). 
4. J.A. Woollam, P.G. Snyder, and M.C. Rost, Proc. of MRS Symp. Ion-
Beam and Growth-Modified Solids, 93, 203 (1987). 
5. S.A. Alterovitz, J.A. Woollam, and P.G. Snyder, Solid State Tech., 
31, 99 (1988). 
6. J.A. Woollam, P.G. Snyder, and M.C. Rost, International Conf. on 
Metallurgical Coatings, Thin Solid Films, 166, 317 (1988). 
7. J.A. Woollam, and P.G. Snyder, "Fundamentals and Applications of 
Variable Angle Spectroscopic Ellipsometry," Materials Science and 
Engineering, 35, 279 (1990). 
8. G.H. Bu-Abbud, N.M. Bashara, and J.A. Woollam, Thin Solid Films, 
138, 27 (1986). 
9. D.E. Aspnes, and A. Studna, Applied Optics, 14, 220 (1973). 
10. K. Memarzadeh, J.A. Woollam, and A. Belkind, J. Appl. Phys., 64, 
3407 (1988). 
11. Y.-M. Xiong, P.G. Snyder, and J.A. Woollam, to be published. 
12. P. He, B.N. De, L.Y. Chen, Y. Zhao, J.A. Woollam, and M. Miller, J. 
Appl. Phys., 67, 4878 (1990). 
13. R.E. Collins, Rev. Sci. Insts, 61, 2029 (1990). 
2191 
